Abstract -The wall pressing arms of a screw drive in-pipe robot are usually designed by using springs to be elastic. This is because pipe-diameter adaptability and climbing obstacle capability can be enhanced by the elastic arms. However, the axis of the robot deviates from that of the pipe exactly because of elasticity and gravity. Some extra energy is consumed wastefully due to wheel slipping and spring deformation. In order to improve energy utilization, this paper focuses on the design of spring parameters including stiffness and preload force. Firstly, kinematics model and static model are proposed in consideration of wheel slipping and spring deformation. Secondly, the energy consumption relation with spring parameters is presented and analyzed numerically based on the robot models. Finally, a parameter design strategy is proposed by which the robot can be energy saving and climb up in the vertical pipe.
I. INTRODUCTION
With the development of urbanization, pipelines become the main transportation facility and are used in the systems of sewage, heating and so on. However, pipelines would be probably damaged by ageing, corrosion and fissure naturally or factitiously. If hidden dangers are not found and repaired timely, huge economic loss and environmental damage would be triggered. Therefore, defect detection and regular maintenance of pipeline are particularly important. However, as the pipeline internal space is narrow, artificial detection method is time-consuming and dangerous. In order to improve the pipeline detection efficiency and reduce maintenance costs, a variety of in-pipe robots have been developed in recent years. A wheel type robot based on differential drive is developed [1] . Reference [2, 3] presents a screw drive in-pipe robot with pathway selection mechanism which can pass through not only straight pipes but also bends and T-branches. An inspection robot with seven modules has been developed for small diameter gas distribution mains [4] . In Ref [5] , an inpipe robot is developed with two modules and each module consists of three pairs of caterpillar which are operated by micro DC motors. The robots of earth worm type have been developed by propelling themselves with expansion and contraction [6, 7] .
As seen, most in-pipe robots are equipped with more than one motor to execute motion. More motors mean more energy consuming, namely, less inspection tasks fulfilled with finite energy. Therefore, this paper puts focus on the robot composed of screw drive mechanism and wall pressing mechanism as shown in Fig. 1 . The screw drive mechanism needs only one motor to achieve high motion performance. The size of robot can be small due to the simple structure. The wall pressing mechanism consists of elastic arms and passive wheels which are arranged in a circular manner, 120 degrees apart from each other. It can support the robot body by pressing on the inner surface of the pipe. The property of elasticity enhances the pipe-diameter adaptability and climbing obstacle capability. Although several such robots have been designed in the literature [8] [9] [10] , very few researches focus on how the energy consumption of the robot changes along with spring stiffness and preload force of elastic arms. Elastic arm mechanism is designed to enhance pipe-diameter adaptability and climbing obstacle capability. However, the robot would slip and the length of springs changes alternately under gravity even in a straight rigid pipe. This terrible phenomenon probably means lower velocity, higher torque requirements, and more energy consumption. This paper mainly puts focus on the design of spring parameters in consideration of the robot energy consumption. In order to establish the energy consumption relationship, the kinematic model and static model considering wheel slipping and spring deformation are firstly proposed.
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Then the strategy of spring parameter designing is proposed based on the models.
II. ANALYSIS AND KINEMATICAL MODEL OF THE ROBOT INSIDE A STRAIGHT PIPE

A. Motion Analysis of In-Pipe Robot
In the existing literatures, motion in a straight pipe is usually simplified as idealized models without considering the radial component force of gravity and the elasticity of wall pressing mechanism. However, as shown in Fig. 2 , the gravity has a negative influence on robot's motion even in a straight pipe. Fig. 2(a) shows that the length of upper arms is longer than that of the lower ones because of gravity. The axis of the robot deviates from that of the pipe. Fig. 2(b) shows that the longer the elastic arm is, the faster the forward velocity component is. So the robot posture will deflect to some extent. Fig. 2(c) shows that when the normal static friction force between wheels and the inner wall of the pipe reaches the maximum value, the wheels of upper arms will slip. The posture then returns back to that in Fig. 2(a) . The robot moves a certain distance as shown in Fig. 2(d) . Then the robot moves on repeating the above process. Based on the above analysis, two assumptions are proposed to simplify the complexity of modeling.
Assumption 1: Ignore the tiny changes of robot posture in the movement. The robot axis is always parallel to the pipe axis. The gravity center of the robot is determined by the original position and remains the same all along.
Assumption 2: The normal friction force between wheels of the shortest elastic arm and the inner wall always belongs to static friction. Wheels of other longer arms slip relatively to the inner wall and sliding friction force is generated.
B. Kinematical Modeling
An in-pipe robot with screw drive mechanism and wall pressing mechanism is modeled based on the two assumptions mentioned above as shown in Fig. 3 
Where 
Where D denotes the inner diameter of the pipe. Based on the assumption 1, the model of the stator is necessary to calculate the axis of the robot. As shown in Fig.  5 , when the pipe is not vertical(Izr90°), the stator is affected by the gravity. When the robot is in the initial position, T s is equal to T. 
Where e i is the unit direction vector of 
When the pipe is not vertical, the vector (y,z,l s1 ,l s2 ,l s3 ) T can be solved by a nonlinear equation set composed of (15), (16) and (17). The Newton-Raphson method has been used to solve this equation numerically. In other words, when the robot is in the initial position(x=0), p C can be acquired from the solutions. When the pipe is vertical, the axis of the robot is coincident with that of the pipe. As shown in Fig 6, when the pipe is not vertical, N ri (i=1,2,3) and f ri (i=1,2,3) denote the pressure force of the pipe and the normal friction force between the wheels and the inner wall. The equivalent axial resistance force including the rolling friction force, the cable resistance force and so on is denoted as F a . W e is the partial motor torque to conquer F a and slipping. 
B. Static Model of the Rotator
Where P denotes the friction coefficient. x p , y p and z p are respectively denoted as the unit direction vectors of X p -axis, Y p -axis and Z p -axis.
When the force is static friction, it can be derived by the static equilibrium equation in X p -axis. When the pipe is vertical, no wheel slipping and spring deformation occur. As shown in Fig. 7 , a static equilibrium relation along X p -axis can be easily obtained. 
IV. DESIGN AND ANALYSIS OF SPRING PARAMETERS BASED ON ENERGY CONSUMPTION MODEL
A. Energy Consumption Model
Energy consumption is related with the motor torque W, the angular velocity T and the movement time t. T is usually given by the operator. t is corresponding with the distance s.
W is composed of W e and W s . W s conquers the force generated by expansion and contraction of springs. W e can be derived by (22) 
W s can be acquired based on the law of conservation of energy. In the arbitrary infinitesimal time 't, the variation of the elastic potential energy is equal to that of the energy produced by W s . W s can be regarded as a constant during 't.
Thus,
W s can be simplified as 
Therefore, W should not be less than e s W W W (28) During pipeline inspections, the screw drive motor rotates in a constant speed of T ignoring the periods of starting and breaking, because they are much shorter than the constant period. The energy consumption is denoted as Q and can be acquired by
Replace W in (29) 
Q a is denoted as the energy which is consumed to conquer F a and can be acquired by
K is defined as the energy efficiency and can be expressed
If K is close to 1, the robot will hardly consume energy caused by wheel slipping and spring deformation.
B. Design Strategy of Spring Parameters
Q a is only related with F a and s. When F a and s are invariable, we can only decrease the energy consumption which is produced by wheel slipping and spring deformation.
A design strategy of spring parameters will be proposed which aims to make the robot climb up in the vertical pipe and improve K up to a certain value. Fig. 8 The spring parameters of the screw drive in-pipe robot will be obtained based on the proposed strategy. Parameters of the robot and the pipe environment are given in Table I . In the simulation, the robot moves forward in a horizontal pipe for a distance of one meter. In our experience, we can conclude that the robot can keep low energy consumption, and have the pipe-diameter adaptability and climbing obstacle capability simultaneously when K d is set to 80%. Firstly, F N = 13.8N should be selected through (33), when m is 2kg and P is 0.5. The actual value of F N is set at 15N in consideration of some unexpected factors. Secondly, the initial position of axis in the radial section can be acquired. It means that y and z are known. As shown in Fig. 9 , when k increases from 0.1N/mm to 10N/mm, C will approach zero in Z p -axis, namely the axis of pipe. Fig. 10 shows that C will change along Y p -axis in a similar way as that of Z p -axis. We can conclude that the axis of the robot can be better held to the axis of pipe with k increasing. However, C hardly changes when k increases to a certain value.
Thirdly, when the initial position is acquired, l ri (i=1,2,3) and the coordinates of A i (i=1,2,3) can be calculated through (5), (7) and T . Then the relation between Q and k can be figured out as shown in Fig. 11 . The results show that if F N is certain and k increases, Q will decrease. Especially while k changes from 0.1N/mm to about 2 N/mm, Q decreases sharply. However, Q almost remains unchangeable after k is bigger than 2N/mm. Another point is that the values of k and F N have no influence on Q a . Q is always more than Q a because the motor needs to consume more energy produced by wheel slipping and spring deformation.
Finally, k can be selected as shown in Fig. 12 . K increases while k changes from 0.1N/mm to 10N/mm. When k is equal to or greater than 3.8N/mm, K will meet the desired value. Therefore, k=3.8N/mm is chosen as the stiffness of springs.
In conclusion, k=3.8N/mm and F N = 15N are selected based on the proposed strategy. The robot can move up in the vertical pipe and the energy efficiency is at a good level.
VI. CONCLUSION
In this paper, the kinematic model and static model have been proposed to establish relations with the gravity. Based on the models, the influence of wheel slipping and spring deformation has been taken into account. Then the model of the energy consumption related to the stiffness and preload force of springs is proposed. Finally spring parameters are selected through the proposed design strategy. The simulation resualts show that the in-pipe robot with screw drive can be more energy saving and climb up in a vertical pipe when the spring parameters are selected by the strategy. 
